Abstract An important part of the statistical procedure for flood frequency analysis in the UK outlined in the Flood Estimation Handbook (FEH) is concerned with estimation of an index flood at an ungauged site. This is carried out through application of a multivariate regression model linking the index flood, defined as the median annual maximum flood, to a set of catchment descriptors. The FEH then emphasises the importance of data transfer from nearby gauged (donor) sites, or from catchments considered to be hydrologically similar but located anywhere in the UK (analogue sites). This paper considers the suggested methods for estimating the index flood at ungauged sites and develops a new and improved data transfer scheme. A study of 728 gauged catchments located in the UK found that the new data transfer method performs better than both using the FEH regression model only and the FEH data transfer method.
INTRODUCTION
Flood frequency analysis based on the index flood method (Dalrymple, 1960; NERC, 1975; Hosking & Wallis, 1997) is the method most widely applied by hydrologists and engineers for design flood estimation in the UK, as described in the Flood Estimation Handbook (FEH) (IH, 1999) . When applying the index flood method, it is important first to consider the identification of a homogeneous region (understood generically as a collection of sites and not necessarily a geographical region) where the underlying probability distributions of the annual maximum floods across sites are assumed identical except for a site-specific scale parameter known as the index flood. For any site, gauged or ungauged, within the defined region, the T-year event can then be estimated as the product of the dimensionless growth curve and the site-specific index flood. The summary statistics of all the normalised annual maximum series in the homogeneous region are pooled to obtain a dimensionless growth curve for the homogeneous region. The FEH adopted the median annual maximum flood as the index flood, which differs slightly from the more traditional choice of the mean annual maximum flood adopted by Dalrymple (1960) , NERC (1975) and Hosking & Wallis (1997) , as well as numerous other applications reported in the literature.
Estimation of the index flood can be obtained using both direct and indirect methods, depending on the available data at the site of interest. Direct methods involve estimation of the index flood directly from annual maximum or peaks-over-threshold data, whereas indirect methods attempt to estimate the index flood where no gauged flow data are available. The most commonly used indirect method is the linear regression type, linking the index flood obtained from observed data to different catchment descriptors such as catchment area and slope (see, for example, Hirsch et al., 1993) . Brath et al. (2001) and Bocchiola et al. (2003) compared the regression approach to other types of indirect methods, such as using the rational method combined with a design storm of a certain return period, and a geomorphoclimatic model. Based on an assessment of the prediction errors, Brath et al. (2001) found that, in general, the regression method performed better than the other indirect method.
Research carried out by Nash & Shaw (1966) and followed up by Hebson & Cunnane (1987) showed that, in general, the mean annual flood obtained from use of a regression approach is less precise (larger prediction variance) than the corresponding estimate obtained from as little as one year of record. Both Grover et al. (2002) and Merz & Blöschl (2005) showed that an improvement in the predictive capability of a regression model could be obtained through the use of geostatistical residual mapping.
The FEH recommends using observed annual maximum flood data where available. However, in the case of an ungauged site, a regression model was developed through a comprehensive study (IH, 1999) linking the median annual flood to a set of five catchment descriptors. Because of the relatively poor predictive power of the resulting regression model, the FEH recommends a data transfer scheme allowing the users to transfer information from a nearby and hydrologically similar site (a donor or an analogue site). The FEH defines a donor site as a site ideally situated just upstream or downstream of the site of interest, or a similar sized catchment on an adjacent tributary with similar physiography and land use. An analogue site, on the other hand, is a more distant site that is deemed sufficiently similar to the subject site to make a transfer of information worthwhile (IH, 1999) . In the following, no distinction between donor and analogue sites will be made and only the term donor site will be used.
Theoretical considerations concerning the prediction uncertainty, as well as an investigation of data from 728 gauged catchments located throughout the UK, are used here to compare methods for predicting the index flood at an ungauged catchment.
PREDICTION AT UNGAUGED SITES
When no observed flood data are available at a particular site of interest, the index flood (the sample median of the annual maximum series) denoted by m in the following formulae, is estimated through a hydrological model. As part of the FEH, IH (1999) developed a multivariate regression model based on data from 728 gauged catchments located throughout the UK, linking the natural logarithm of the index flood to a set of catchment descriptors as: 
Here AREA, SAAR, FARL, SPRHOST and RESHOST are catchment descriptors describing catchment area, annual average rainfall, upstream reservoir attenuation, a measure of standard percentage runoff as determined from HOST soils data and a residual soil term linked to soil responsiveness, respectively. These and other catchment descriptors are available for all gauged and ungauged catchments larger than 0.5 km 2 in the UK (IH, 1999) . The subscript cds refers to the estimate obtained using catchment descriptors (only). The model parameters were estimated using the generalised least square (GLS) technique.
When conducting a flood frequency analysis on an ungauged site, the FEH (IH, 1999) strongly recommends using data transfer from hydrologically similar sites for which annual maximum flood data are available. Once a suitable donor or analogue catchment has been identified for the data transfer, the index flood at the site of interest is estimated as:
where subscripts s and g refer to the ungauged subject site and the gauged donor site, respectively, and the subscripts cds, obs and adj refer to catchment descriptor estimates at the gauged and subject sites, the observed value at the gauged site and the adjusted value at the subject site, respectively. The recommended procedure makes no use of the distance-based model for the correlation of residuals that is included within the GLS approach adopted for the regression, which is outlined in the next section. In the case of analogue sites chosen to be hydrologically similar to the candidate site, it is evident that the basis of the recommended procedure is the expectation that the linear regression model is inadequate as a predictor of the index flood: groups of similarly sized residuals are expected, relating from the failure of the linear combination of catchment properties to match a more complicated but unknown underlying behaviour. However, no detailed investigation of the proposed adjustment scheme was reported by IH (1999).
Modified GLS model
To begin the development of the uncertainty assessment, consider a model where the (unknown) population value of the median annual flood can be expressed in terms of a regression component, the sampling error of the median estimated using annual maximum peak flow data available for a given site, and the regression error that would remain if the record at the site were long enough to estimate the population median for the site.
First, consider the assumed log-linear relationship between the population value of the median (ξ i ) and a given set of catchment descriptors as:
where η i is the regression error. Here x i is a vector of catchment descriptors, the first element of which is unity and β is a vector of regression model parameters. The sample estimate of the index flood, m i,obs , is assumed to be related to the true value ξ i using a sampling error (ω i ) in the logarithm of the median via:
This gives a combined regression model for sample medians as:
The errors i η , i ω are assumed to have a mean value of zero. Equation (5) is the form in which the model was fitted in FEH, using a model for the covariance matrix of the ε i values. This covariance matrix, V, is assumed to be in the form of the product of an unknown scalar constant (σ 2 ) and a known matrix. For later use, it is convenient to write this representation in the form V = G η + G ω .
The matrix G η corresponds to the covariance matrix of the regression errors and its elements were assumed by IH (1999) to be given by:
where σ was unknown (but later estimated as 0.438) and r ij is the correlation between annual maximum series at site i and j. A separate correlation analysis of the annual maxima had given a formula for calculating r ij as r ij = exp(-0.016d ij ), where d ij is the distance (in km) between the two gauging stations. The elements of the covariance matrix of the sampling errors G ω were assumed to be given by:
where n i is the number of observations at site i, and n ij is the number of concurrent observations at site i and j. The combination of equations (6) and (7) gives V in the form
The covariance model and the generalised least squares approach used here have features in common with those used by Stedinger & Tasker (1985) .
The use of the correlation between the annual maximum series in equation (7) for the covariance of the sampling errors in the index flood seems broadly appropriate, but their use in equation (6) for the covariance of the regression errors has rather less justification. In fact, modelling the correlation between the residuals as the correlation between the annual maximum series is an assumption made in the FEH rather than an established fact. The assumption is kept for the results reported here. The use made of the assumption within the FEH might be viewed as only affecting the calculation of the regression coefficients, where the effect should be extremely minor. However, when the assumption is carried over to calculate the effects of the donor-adjustment step (not done in the FEH, but the main point of this paper), results with important implications are found. These indicate that the donor-adjustment step can perform badly, but that a simple modified version of this is potentially available which will enhance the data transfer procedure.
For the uncertainty model developed in this study, the covariance matrix of the sampling errors is estimated more directly from the observed annual maximum series at each site and, thus, the overall regression errors, { } i i ω η + , are treated as having a covariance matrix where the elements are derived using:
where the elements h ω,ij of the H ω matrix no longer depend on σ but are derived as the variance of the sample median (Kendall & Stuart, 1977) as:
where n is the number of observations, f is the probability density function of the annual maximum series and ξ is the population value of the median. The generalised logistic (GLO) distribution has been adopted as it is recommended for general use in the UK by the FEH (IH, 1999) . The variance in equation (9) is combined with the elements of equation (7) that adjust for spatial correlation and overlapping time periods of record. Thus:
where α i is the scale parameter of the GLO distribution and γ ω,ij is defined by equation (7).
Adopting a modified correlation structure would result in a regression model with parameters slightly different from the FEH model in equation (1). However, because the regression relation in equation (1) forms an intrinsic part of the FEH procedures, this is not re-estimated here. Instead the generalised least squares procedure used for estimating the model parameters is based on the sampling covariance matrix G ω with elements derived in equation (7), as used in the FEH for estimating the regression model parameters, and is accepted to provide the estimated regression parameters as:
Here X is the matrix containing the catchment descriptors for each of the 728 catchments used to estimate the model parameters, augmented by a column of unity corresponding to the intercept term in equation (1) and Y is the vector of ln m obs , where m obs is the median obtained from observed annual maximum series at each of the 728 sites. In the following error analysis, it is assumed that equation (8) holds and, in addition, that the value of σ can be taken to be the value derived by IH (1999).
In the FEH procedure, the estimate of the index flood at an ungauged site s is obtained purely from the regression component of the generalised least squares model as:
which is considered as being an estimate of:
where ξ s is population median for catchment s, i.e. the considered subject site. Thus the error in the estimate is:
This error is expressed in terms of the various error components as:
where ( )
. Thus the variance of the error is: 
Here it is assumed that cov(ω,η s ) = 0 and that cov(η,η s ) is a vector defined using the spatial dependence model in equation (6) to have elements (σ 2 r is ) where the ith element depends on the distance between the subject site and the ith site used in the estimation of the regression model parameters. The first term on the right-hand side in equation (16) is the contribution to the prediction uncertainty arising from the use of sample estimates β rather than the population value. As β is estimated based on a relatively large sample of data from 728 gauging stations with generally relative long record lengths throughout the UK, this term is expected to be small compared to the regression error σ 2 .
DATA TRANSFER
To derive the prediction uncertainty in the case where the index flood is estimated using the FEH data transfer method, a log-transformation of the expression in equation (2) where γ η,sg = r sg as defined in equation (6) and h ω,gg is the variance of the sample median at the donor site as defined in equation (10). From equation (19) above it can be observed that, in the special case where the donor site and the subject site are identical, the variance of the index flood at the subject site reduces to the variance of the sample median at the gauged site, i.e. equation (9), since then φ s = φ g and γ η,sg = 1.
DONOR OR NO DONOR?
To assess the potential gains obtained from estimating the index flood using a donor catchment, an illustrative comparison can be made from the uncertainty expressions derived in equation (16) and equation (19), respectively. Firstly, it is assumed that, in case where no donor site is used, i.e. equation (16), the prediction interval is described by the last term, σ 2 , which is considered a reasonable approximation. For the case where a donor site is being used, the prediction uncertainty is described by the last two terms in equation (19), σ 2 (2 -2r sg ) + h ω,gg , where the first term is the variance of the difference of the regression errors for the site of interest and the donor site. The last term is the sampling uncertainty of the median at the gauged donor site. Again, this is a reasonable assumption for most catchments. The use of a donor site is beneficial if it results in a smaller prediction variance than the use of no donor site, i.e. if:
which can be rearranged to show that the potential benefit is conditional on the degree of dependence between the regression residuals at the two sites as:
Even for a donor site with a very long record available, i.e. when the last term in equation (21) 
New transfer scheme
A more efficient data transfer scheme can be developed by introducing a simple weighting parameter, α, into the adjustment equation, i.e.: 
By maintaining the assumption that the regression error, 2 σ , is the dominating factor in the prediction uncertainty expression in equation (16), the prediction error arising from use of equation (22) can be expressed as:
The corresponding variance is given as:
where cov(η s ,η g ) = σ 2 r sg as defined in equation (6) and cov(η,ω) = 0. The optimal value of α, in terms of minimising the prediction uncertainty in equation (24), is easily determined, giving:
The α parameter, as estimated through equation (25), will give less weight to the donor adjustment if the donor site is located far away from the subject site (r sg small) or if the sampling error of the median (h ω,gg ) at the donor site is large (short sample of annual maximum flood data at the donor site). For most observed annual maximum series the sampling variance of the median will be significantly smaller than the regression error; thus, for practical purposes, a value of α = r sg might be used. In the following, the data transfer scheme outlined above will be called the new transfer scheme.
To illustrate the effect of the two transfer schemes, the prediction variance, as derived from equation (16) and equation (19), respectively, is plotted against distance between subject site and donor catchment, as shown in Fig. 1 . As both estimators of the index flood in equations (1) and (2) are unbiased, the standard deviation equals the root mean square error (RMSE). To derive the curves in Fig. 1 , the assumptions made when deriving the inequality in equation (21) were maintained with the added assumption that the sample variance (h ω,gg ) of the sample median is significantly smaller than the overall regression error, i.e. h ω,gg << σ 2 . From Fig. 1 it is clear that, when adopting a donor site, the variance of prediction uncertainty increases rapidly from the donor sites closest to the subject site (small distance) towards a value of twice the regression error for donor sites located further away. The effect of introducing the weighting parameter α on the donor correction factor in equation (22) is to reduce the effect of the data transfer on the estimate as a function of the distance, thereby ensuring that the estimate is never worse than what would have been obtained using regression only.
CASE STUDY
The effect of data transfer when predicting the index flood in ungauged catchments has been further investigated based on estimates of the index flood obtained at 728 gauged catchments located throughout the UK and used in IH (1999) for estimating equation (1). Four different approaches to estimating the index flood were tested: (a) using only the regression model in equation (1); (b) identifying the closest (catchment centroids) of the 727 other gauged catchment and using the FEH data transfer procedure; (c) identifying the donor as in (b), but using the new data transfer procedure in equation (22); and (d) identifying the closest of the 727 other gauged catchments using a catchment similarity measure instead of geographical distance. Similarity of catchments is judged in terms of catchment area (AREA), standard average annual rainfall (SAAR) and soil properties as measured by the baseflow index (BFIHOST). This particular combination of catchment descriptors was found by IH (1999) to be the optimal combination for identifying catchment similarity when forming pooling groups for regional flood frequency analysis and was adopted directly in this study as a measure of catchment similarity. The similarity between catchments was quantified using the distance measure developed by IH (1999) and given as: 
To assess the performance of each of the four methods the root mean square error (RMSE) was derived as:
where m i,s is the median annual flood estimated as if the catchment was ungauged and using one of the four methods outlined above, m i,obs is the corresponding estimate of the median annual flood obtained from the gauged data and is used as the best possible estimate of the unknown population value. The degree of freedom is M -7 = 728 -7 = 721 corresponding to seven parameters in the regression model in equation (1). Considering the 728 gauged catchments, the minimum, maximum and average distances between subject sites and the nearest donor site are 0.001, 27.9 and 7.5 km, respectively. These distances are all less than the threshold of 43 km at which FEH donor adjustment was supposed to perform worse than regression alone, i.e. both the FEH donor adjustment and the new data transfer method developed in this study are expected to perform better than regression-only in terms of RMSE. The resulting RMSE values obtained for each of the four options are shown in Table 1 , where it can be observed that, while the new data transfer method improves the RMSE compared to using only the regression, the FEH data transfer scheme has, in fact, a higher RMSE than regression-only, indicating that the FEH data transfer scheme is less effective than previously assumed. Identifying potential donor sites using only catchment descriptors based on the ASB measure from equation (26) is clearly not advisable.
To further investigate the structure of the calculated RMSE values, the 728 catchments were divided into 20 groups according to the distance between a particular catchment and its closest donor site. Each of the 20 groups spans a distance of 1 km. Within each group, the mean squared error, MSE, was estimated as:
where M i is the number of catchments in the ith group. For each of the four methods, the MSE was estimated for each of the 20 groups. To facilitate the comparison between the methods, the square root (RMSE) of a moving average covering three intervals was applied and the results plotted in Fig. 2 . As seen from Fig. 2 , the average square error derived using the regression model only is, as expected, relatively independent of the distance. The peak observed at 14 km is caused mainly by a single outlier where the observed series of peak flow is relatively short. Both the FEH and new data transfer methods have improved model performances compared to regression-only for distances less than 4 km, but, once the distance exceeds 4 km, it becomes more difficult to spot an improvement and, indeed, in many places, the regression model appears to perform better than the FEH donor adjustment as confirmed by the RMSE values reported in Table 1 . The new data transfer scheme does perform better than the FEH data transfer scheme for all distances, especially as the distance increases. For the data transfer using the most similar catchment, the results in Fig. 2 are plotted against the distance to the geographically nearest gauge, as this provides a reasonable means of presenting the results for comparison with other data transfer schemes. Again, the RMSE values are fairly constant on the plot, which is not surprising, but the results clearly show that the ASB method performs worse than any of the other three methods.
DISCUSSION AND CONCLUSION
Although this paper focuses on a particular method for conducting flood frequency analysis in the UK, as outlined in the FEH, the results are believed to be sufficiently general to be of interest to the wider hydrological community. The use of donor and analogue sites for enhancing estimates of the index flood obtained at ungauged sites is a long established practice in the UK and, indeed, using data transfer from donor sites can be beneficial if the donor site is chosen carefully. The results presented in this paper from both theoretical considerations and analysis of data from a large number of gauging stations clearly demonstrate that the performance of an estimator of the index flood at ungauged sites through the use of data transfer from a donor site is closely related to the model that was adopted for spatial correlation between the regression errors. The FEH assumed the correlation between the regression errors (equation (6)) to be represented by the correlation between the annual maximum series. While this might be regarded as a qualified first guess and has little effect on the parameters of equation (1) estimated using generalised least squares, it has not yet been tested empirically and it has a significant influence when quantifying the benefits of using donor adjustment.
The results obtained through analysis of the residuals from 728 gauging stations indicated that, on average, data transfer from the nearest other gauging station using the FEH method resulted in a higher RMSE value than obtained through use of the regression model only, whereas the new data transfer scheme developed in this study led to a slightly lower RMSE value, i.e. the new transfer scheme should be preferred to both the FEH data transfer scheme and using the regression model only. A closer inspection of the residual errors showed, as foreseen by the theoretical expressions of prediction variance, that they are dependent on the geographical distance between the subject and the donor catchments. Both the FEH and the new data transfer schemes were shown to outperform the regression-only method when the donor catchment is located less than 4 km from the subject catchment, but for distances in excess of 4 km it becomes difficult to distinguish between the methods. It is noticeable that the performance of the new data transfer scheme is consistently better than that of the FEH scheme and that the difference in performance increases as the distance increases due to the effect of the distance-dependent correction factor applied in the new transfer scheme.
The limit of 4 km for effective data transfer observed in the analysis of the observed data does not correspond well to the theoretical limit of 43 km derived based on the model assumptions. This might indicate that the adopted correlation structure of the regression residuals in the FEH model is assuming too much dependence and should be adjusted. A more comprehensive model of the structure of the correlation between the regression errors could potentially increase the benefits of donor site adjustments. An extended model could, for example, include information concerning whether the donor site is upstream or downstream on the same river as the site of interest. Another improvement could consider the distance between the centroid of the subject and the donor catchments rather than the distance between the gauging stations.
The FEH recommendations for improving estimates of the sample median obtained from the regression relationship include the simultaneous use of several donor and analogue catchments. It is clear that the new transfer scheme, described here in its simplest form, can readily be extended to cover this case but at the expense of some computational complexity which the FEH recommendations were formulated to avoid. Where there is full access to the underlying data sets and no limitations on computational considerations, the new transfer scheme can be extended further to allow transfer of information from all catchments in the set used for fitting the regression. In such a case, the problem is essentially the same as that faced in the field, known variously as optimal spatial interpolation, universal kriging and geo-regression: see, for example, Schabenberger & Gotway (2005) and Merz & Blöschl (2005) .
While the size of the regression errors found in this study might be considered large, they are, in fact, comparable to similar type errors reported in other studies relating the median annual maximum flood to a set of catchment descriptors, for example Lim & Lye (2003) and Rijal & Rahman (2005) . The large errors generally associated with estimation of the index flood at ungauged sites emphasise the importance of locally observed hydrological data combined with the need to develop data transfer techniques as reported in this study.
